The parasitic protozoan Toxoplasma gondii becomes encysted in brain and muscle tissue 27 during chronic infection, a stage that was previously thought to be dormant but has been 28 found to be active and associated with physiological effects in the host. Dysregulation of 29 catecholamines in the CNS has previously been observed in chronically-infected animals. In 30 the study described here, the noradrenergic system was suppressed with decreased levels of 31 norepinephrine in brains of infected animals and in infected neuronal cells in vitro. 32 Expression of dopamine β-hydroxylase (DBH), essential for synthesis of norepinephrine 33 from dopamine, was the most differentially-expressed gene in infections in vitro and was 34 down-regulated in infected brain tissue, particularly in the prefrontal cortex and dorsal locus 35 coeruleus/pons region. The down-regulated DBH expression in infected rat 36 catecholaminergic and human neuronal cells corresponded with decreased norepinephrine 37 and increased dopamine. As the DBH suppression was observed in vitro, this effect is not 38 caused by neuroinflammation. Silencing of DBH expression was specific for T. gondii infection 39 and was not observed with CMV infection. The noradrenergic-linked behaviors of sociability 40 and arousal were altered in chronically-infected animals, with a high correlation between 41 DBH expression and infection intensity. These findings together provide a plausible 42 mechanism to explain prior discrepancies in changes to CNS neurotransmitters levels with 43 infection. The suppression of norepinephrine synthesis observed here may, in part, explain 44 behavioural effects of infection, associations with mental illness, and neurological 45 3 consequences of infection such as the loss of coordination and motor impairments associated 46 with human toxoplasmosis. 47 48
Introduction
We examined whether the down-regulation of DBH gene expression in neuronal cells was 179 detectable during in vivo infection. The level of DBH expression in the infected brain was 180 examined. DBH mRNA was quantified in the brains of chronically-infected rats. Gene 181 expression was down-regulated in infected animals by a median of 32±2.1-fold relative to 182 uninfected animals ( Figure 3A ; p=0.0023). We examined the relationship between the 183 intensity of brain infection and DBH expression. A strong negative correlation was observed 184 in infected animals between DBH mRNA and cyst density (tissue cysts can contain thousands 185 of bradyzoites), with a correlation coefficient of -0.90 (Table 1 ). The coefficient of 186 determination (R 2 ) of 0.82 is a good fit for the linear regression.
187
DBH is expressed in noradrenergic neurons in the CNS, principally in the locus coeruleus (LC) 188 with efferents extending to most brain regions. Therefore, we examined DBH gene 189 expression in different brain regions in infected animals. DBH mRNA levels were lower 190 (p=0.0034 and 0.012, respectively) in the frontal lobe (prefrontal cortex (PFC)) and the 191 dorsal region (containing the LC, cerebellum, pons, and surrounding tissue) in infected 192 animals, whereas DBH expression was unchanged in the midbrain region containing the 193 hippocampus, thalamus and hypothalamus (p=0.93) ( Figure 3B ). The posterior area and the 194 PFC had 2.5-fold and 4.5-fold, respectively, lower DBH mRNA in infected rats. 195 One plausible alternative explanation for the decrease in NE in the infected rat brains could 196 be poor neuronal health or neuronal death. T. gondii can lyse neurons and synaptic loss and 197 neuronal dysfunction has been observed in infected mice (32) . In this study, we found no 198 difference in neurons between infected and uninfected rats based on quantification of a 10 neuron-specific mRNA, that encoding microtubule-associated protein 2 (MAP2) ( Figure 3C ; 200 p= 0.57).
201
Suppressed dopamine β-hydroxylase alters norepinephrine-linked behaviors 202 A decrease in CNS NE, as observed with T. gondii infection ( Figure 1A) , may have specific 203 effects on behavior. Sociability, arousal and anxiety are all behaviors associated with CNS 204 noradrenergic signalling (33, 34) . Rodents with NE deficiency exhibit increased sociability 205 and lower arousal and anxiety levels. Cerebral NE levels were associated with social interest 206 and male aggression (35). NE levels elevated by disruption of monoamine oxidase A result in 207 increased aggression in mice (36). In contrast, aggressive behavior is decreased and social 208 memory altered in Dbh-/knockout mice (33). In this study, the three-chambered social 209 approach test was used to measure sociability in uninfected and T. gondii-infected mice. This 210 test is a well-established model for measuring social interactions in mouse models of autism 211 (37).
212
In the first phase of the social approach test, which measures sociability, preference for 213 exploring a cylinder containing a stranger mouse rather than an empty cylinder was 214 measured (38). Chronically-infected mice explored the novel mouse for substantially longer 215 times (median 31 s, range 3-91 s, n=27) than the uninfected mice (median 23 s, range 0.2-66 216 s, n=24), in line with lower NE levels ( Figure 4A ). The level of brain DBH mRNA in infected 217 mice in the trials was significantly lower than the control mice ( Figure 4B ), particularly for 218 the male mice (p=0.0032) where DBH was down-regulated 5.8±1.5-fold. The level of CNS 219 DBH in the infected animals exhibited a negative correlation with the time of investigating 220 the novel mouse, albeit a weak correlation ( Figure S1 ). Infection has previously been 221 associated with social interaction, with T. gondii-infected rats exhibiting a longer duration of 222 social interaction than controls (39). The decreased DBH observed here provides an In Phase 2 of the social approach test, which measures preference for social novelty, mice (2, 39, 45, 46) . It has also been suggested that T. gondii may damage 267 hippocampal function, since hippocampal neurons and glial cells may be infected, so 268 differences in marble burying could reflect changes in hippocampal function (47).
269

Effect of Sex on Altered Norepinephrine Regulation with Infection 270
An anomaly that was noted in testing was a large variation in DBH mRNA levels in the brains 271 of female animals. The large range of DBH levels would mask any effect by infection. Indeed, 272 infected females did not exhibit a measurably lower level of DBH ( Figure 6A , p=0.45) with 273 infected females possessing higher and lower DBH mRNA levels than vehicle controls (Table   274 1). We investigated the reasons for this difference. DBH gene expression is regulated by (Table 1) . Expression of ESR1 was not altered by infection ( Figure 6B , 282 p=0.40). ESR1 mRNA levels, however, strongly correlated with DBH mRNA ( Figure 6C ), with 283 a correlation coefficient of 0.86 (p=0.0064), as expected (50). Together, the findings show 284 that DBH expression correlated with ESR1 expression but not infection in females. These Figure 7D ). Hence, DBH down-regulation is specific for 300 T. gondii infection.
301
Discussion
302
A decrease in the neurotransmitter NE was observed in T. gondii-infected brains, and, for the 303 first time, the down-regulation of expression of the DBH gene, that encodes the key enzyme 304 in NE synthesis, was discovered as the mechanism responsible. This study examined changes 305 in gene expression throughout the genome to identify neuronal changes with infection rather 306 than focus on specific neural genes. Levels of DBH gene expression were highly correlated, Although DBH gene expression strongly correlated with the intensity of infection (Figure 4 ), 377 the low number of encysted neurons and lack of apparent tropism (data not shown) is 378 difficult to reconcile with the large decrease in DBH expression. The numbers of cysts found 379 in this study were similar to a previous study of 105 T. gondii-infected rats (72). The large 380 effect with relatively low numbers of cysts is similar to observed global changes in GAD67 381 (glutamic acid decarboxylase) distribution in the brains of T. gondii-infected mice (53). These 382 changes could be mediated by injection of parasite proteins into cells without infecting the 383 cells, as has been observed with neurons in infected mice (7, 73) . This will be the subject of 384 future studies.
385
Infection of the CNS can influence brain neurophysiology, as found here with NE levels. T. 
Materials and Methods
were grouped according to treatment. Mice were infected by intraperitoneal (IP) injection 417 with T. gondii type II strain Prugniaud in sterile phosphate-buffered saline (PBS) at 6-14 418 weeks of age. Infection was monitored by the direct agglutination test (BioMérieux) to detect 419 Toxoplasma antibodies, following the manufacturer's instructions, in sera from collected 420 blood samples. Brains were harvested from euthanized animals and snap frozen.
421
Cryosectioned slices were used for RNA isolation as described for rats below. 
